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METHOD FOR MODE CONTROL IN
MULTIMODE SEMICONDUCTOR
WAVEGUIDE LASERS

TECHNICAL FIELD

The i1nvention relates generally to semiconductor lasers
and, 1n particularly, to mode control 1n semiconductor lasers.

BACKGROUND

Laser diodes emit a diffraction limited beam 1n a fast direc-
tion, but typically emit wide multimode beams 1n a slow
direction. For many applications, 1t 1s desirable that laser
diodes also emit a diffraction limited beam 1n a slow direc-
tion.

Most laser diodes up t1ll now are edge emitters, that 1s, the
beam exists in the semiconductor waveguide layers and exits
from the cleaved edge of the processed laser diode chip.
These are also called Fabry-Perot diode lasers since the cavity
1s essentially similar to that of a conventional gas or solid state
laser but formed inside the semiconductor laser diode chip
itself. The mirrors are either formed by the cleaved edges
(also called “facets”) of the chip or (for high performance
types like those that are very stable or tunable) one or both of
these are anfi-reflection coated and external mirrors are
added.

Vertical cavity surface emitting laser diodes, on the other
hand, emit their beam from their top surface (and potentially
bottom surface as well). A cavity may be formed of a hundred
or more layers consisting of mirrors and active laser semicon-
ductor, and all may be formed epitaxially on a bulk (1nactive)
substrate, which 1n some cases 1s etched away 1n the vicinity
of the laser cavity.

There are also optically pumped semiconductor lasers.
Nearly all semiconductor lasers are powered by electrical
current through the gain medium. However, for certain mate-
rials and device configurations, it 1s also possible to use
another laser to optically pump 1ts gain medium. This has
some significant advantages 1n terms of controlling transverse
and longitudinal modes and beam shape.

Vertical extended cavity surface emitting lasers are known.
They are very similar to the optically pumped semiconductor
laser, but use electrical pumping similar to a conventional
edge-emitting laser diode or vertical cavity surface emitting
laser diodes. However, the extended cavity allows frequency
doubling or other nonlinear processes to be performed within
the laser resonator, much like 1n the optically pumped semi-
conductor laser.

SUMMARY

One embodiment of the present method and apparatus
encompasses an apparatus. The apparatus may comprise: a
wide stripe semiconductor waveguide which 1s cleaved at a
Talbot length thereof, the wide stripe semiconductor
waveguide having facets with mirror coatings; and system for
selective pumping the wide stripe semiconductor waveguide
to create and support a Talbot mode. The wide stripe
waveguide, defined by a lateral index step and supporting a
single transverse mode 1n the (fast) direction normal to the
epitaxial layers, comprises the laser diode structure and sup-
ports many modes 1n the (slow) direction parallel to the plane
of the epitaxial structure.

Another embodiment of the present method and apparatus
encompasses a method. In one example the method for pat-
terming current injection may comprise: depositing a layer of
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2

S1N on a surface of a wide stripe semiconductor waveguide;
patterning vias 1n the layer of SiN where current injection 1s
desired; and covering the layer of S1N and the surface of the
wide stripe semiconductor waveguide with ohmic metal.

In another example the method for patterning current injec-
tion may comprise: etching through a p+ cap layer of a wide
stripe semiconductor waveguide to reduce current spreading;;
depositing a nitride on the p+ cap layer; and etching vias in the
nitride for current injection in predetermined areas, again
tollowed by covering the surface of the wide stripe semicon-
ductor waveguide with ohmic metal.

In a further example the method for patterning current
injection may comprise: using 1on implant 1solation where
current injection should be avoided; and covering the surface
of the wide stripe semiconductor waveguide with ohmic
metal. In a variant on this embodiment, the 1on implants can
be spatially distributed in a way that allows for a controlled
spatial variation of the eflective electrical current density.

DESCRIPTION OF THE DRAWINGS

The features of the embodiments of the present method and
apparatus are set forth with particularity in the appended
claims. These embodiments may best be understood by ret-
erence to the following description taken 1n conjunction with
the accompanying drawings, 1n the several figures of which
like reference numerals 1dentily like elements, and 1n which:

FIG. 1A depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and a 10 um single transverse mode.

FIG. 1B depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and a 6 um single transverse mode.

FIG. 1C depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and a 4 um single transverse mode.

FIGS. 2A and 2B depict a semiconductor laser diode hav-
ing a Talbot patterned contact current injection pattern.

FIG. 3A depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and a 10 um single transverse mode.

FIG. 3B depicts a graph of monitor value v for the mode of
the FIG. 3A embodiment.

FIG. 4A depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and an 8 um single transverse mode.

FIG. 4B depicts a graph of monitor value v for the mode of
the FIG. 4A embodiment.

FIG. 5A depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and a 6 um single transverse mode.

FIG. 5B depicts a graph of monitor value v for the mode of
the FIG. 5A embodiment.

FIG. 6 A depicts an embodiment according to the present
method and apparatus with a 20 um transverse rb structure
and a 5 um single transverse mode.

FIG. 6B depicts a graph of monitor value v for the mode of
the FIG. 6 A embodiment.

FIG. 7A depicts an embodiment according to the present
method and apparatus with a 20 um transverse rib structure
and a 4 um single transverse mode.

FIG. 7B depicts a graph of monitor value v for the mode of
the FIG. 7A embodiment.

FIG. 8 1s a cross-sectional view of a basic laser epitaxial
structure for use 1n an embodiment according to the present
method and apparatus.
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FI1G. 9 1s a cross-sectional view of one embodiment accord-
ing to the present method and apparatus for patterning current
injection.

FIG. 10 1s a cross-sectional view of another embodiment
according to the present method and apparatus for patterning
current 1njection.

FIG. 11 1s a cross-sectional view of a further embodiment
according to the present method and apparatus for patterning
current 1njection.

DETAILED DESCRIPTION

In embodiments according to the present method and appa-
ratus selective pumping creates (and supports) a diffraction
limited transverse Talbot mode. In laser diodes, cavities may
be cleaved at a self-imaging length, and a special contact
metal pattern may be formed on the stripes to control the
lateral mode structure. According to the present method and
apparatus, patterned electrical contacts may produce a strong
spatial filtering effect in the multi-transverse lateral
waveguide. When a wide stripe semiconductor waveguide
with the approprnate electrical contact pattern applied 1s
cleaved at the Talbot length and the facets coated with appro-
priate mirror coatings (highly reflective and partially trans-
mitting), an electrically pumped oscillator with interesting,
properties 1s formed. By definition, the transverse modes of
the guide have varying propagation constants such that the
length of the resonator L 1s an integral number of half waves
for each transverse mode. The axial modes for each transverse
mode are separated 1n frequency by ¢/2nl., wherein n will not
generally be a precisely constant value for all modes, but for
a particular a cavity length L, an optical frequency exists such
that the cavity 1s resonant for all transverse optical modes.
When this optical self-imaging situation prevails, any field
distribution on one facet 1s reimaged on that facet with gain
alter a round trip; there 1s nothing to prevent an arbitrary
ensemble of modes with random phase and amplitude, all at
the common resonant frequency, from oscillating (except
perhaps gain saturation effects to second order).

In embodiments according to the present method and appa-
ratus the gain 1s patterned so that a single unique pattern
actually has the highest gain and 1s hence the distribution that
oscillates. Hence, a beam with a Gaussian amplitude distri-
bution with an arbitrary diameter 2W, which can be quite
different in width from that of the lowest order transverse
waveguide mode, can therefore be forced to oscillate with a
flat phase front at the facets by matching the gain to the
diffraction patterns that form within the waveguide. Thus, the
operation of the present device 1s also potentially on a single
frequency as well. It should be understood that a different
contact pattern could generate a supergaussian (top-hat)
beam with equal facility. More generally, a contact can be
determined to generate a wide range of electric field distribu-
tions that are expected to operate 1n a stable manner.

For a given cavity length L, the self imaging frequency 1s
given by Lc/4na®, where n is the effective index of the
waveguide and a 1s the stripe width. In reality, the self-imag-
ing condition holds to a tolerable approximation over a small
band of frequencies (the Talbot bandwidth). Longitudinal
cavity resonances, also referred to as axial modes, are known
to occur periodically 1n a semiconductor waveguide with a
frequency separation of ¢/2nl, and those axial modes within
both the semiconductor gain bandwidth and the Talbot band-
width are strongly amplified; axial frequencies satistying nei-
ther condition are not amplified strongly and are hence
rejected. It only one such frequency 1s within the semicon-
ductor gain line, the oscillation will be single frequency. The
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4

present method also supports conventional approaches for
achieving single frequency oscillation such as DFB gratings
or cleaved coupled cavities (for example at a half Talbot
plane). In embodiments according to the present method and
apparatus the self-imaging property comes into play along
with the strong spatial filtering provided by the patterned
clectrical contacts.

FIG. 1A depicts an embodiment according to the present
method and apparatus in which a wide stripe semiconductor
waveguide 101 has a 20 um transverse rib structure 104 and a
10 um single transverse mode as produced intentionally by an
intentionally selected electrical contact pattern. The wide
stripe semiconductor waveguide 101 has a contact pattern
that prevents or limits current injection at blue or purple
regions and permits current injection at the green and yellow
locations; e.g. there 1s no pumping at location 107, that 1s, a
location at which there 1s no current injection. The actual
contact pattern will approximate the laser intensity distribu-
tion 1n the multimode waveguide so as to maximize current
injection at the locations for which the laser intensity 1s maxi-
mum; thus, the gain 1s matched to that laser intensity distri-
bution and less for any other.

FIG. 1B depicts another example embodiment according to
the present method and apparatus in which a wide stripe
semiconductor waveguide 102 has a 20 um transverse rib
structure 105 and a 6 um single transverse mode as produced
intentionally by an intentionally selected electrical contact
pattern, the electrical contact pattern matching in this case the
laser intensity pattern produced by a 6 um single transverse
mode 1n the same manner as for the case depicted in FIG. 1A.

FIG. 1C depicts an embodiment according to the present
method and apparatus in which a wide stripe semiconductor
waveguide 103 has a 26 um transverse rib structure 106 and a
4 um single transverse mode as produced intentionally by an
intentionally selected electrical contact pattern. The electrical
contact pattern matches in this case the laser intensity pattern
produced by a 4 um single transverse mode in the same
manner as for the case depicted 1n FIG. 1A.

FIGS. 2A and 2B depicts an embodiment according to the
present apparatus. In this embodiment a wide stripe semicon-
ductor waveguide 200 1s cleaved at a Talbot length thereoft, the
wide stripe semiconductor waveguide 200 being defined by
transverse rib index steps 202 and having facets 204, 205 with
mirror coatings. The wide stripe waveguide 200 may have a
beam 205 on a metallic heat sink 201 with a solder bond 203.
The wide stripe waveguide 200 may also have a selective
pumping contact 206 and gold bond wires 207. As depicted
particularly in FIG. 2B, the wide stripe waveguide 200 may
have a substrate 213, an ohmic coating 211, and an epitaxial
layer structure 209. A system may be provided for selective
pumping the wide stripe semiconductor waveguide 200 to
create and support a Talbot mode.

FIG. 3A depicts an embodiment according to the present
method and apparatus 1n which a semiconductor waveguide
having a 20 um transverse rib structure 301 supports a 10 um
single transverse mode. To intentionally produce the 10 um
single transverse mode, the wide stripe semiconductor
waveguide has been intentionally configured to have a contact
pattern that prevents or limits current injection at blue or
purple regions 321 and permits current injection at the green
and yellow locations 322; e.g., there 1s no current 1njection
pumping at location 303 and the contact pattern enables a
current 1njection distribution that approximates the laser
intensity distribution in the multimode waveguide. In this
embodiment the wide stripe semiconductor waveguide 301
has an mput facet at z=0, an output facet at Talbot length
7=1305, and the spot size at the output facet 1s 10 um.
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FIG. 3B depicts a graph 302 of monitor value v, which 1s a
computed measure of the lasing intensity at a given position
in the waveguide plotted along the longitudinal axis, for the
10 um mode 1n the FIG. 3A embodiment. The monitor value
reaches a minimum at a point 304 corresponding to the no
pumping location 303 in FIG. 3A.

FIG. 4A depicts an embodiment according to the present
method and apparatus 1n which a wide stripe semiconductor
waveguide 401 has an 8 um single transverse mode. To inten-
tionally produce the 8 um single transverse mode, the wide
stripe semiconductor waveguide has been intentionally con-
figured to have a contact pattern that prevents or limits current
injection at blue or purple regions 421 and permits current
injection at the green and yellow locations 422; e.g., there 1s
no current injection pumping at location 403, and the contact
pattern enables a current 1njection distribution that approxi-
mates the laser intensity distribution in the multimode
waveguide. In this embodiment the wide stripe semiconduc-
tor waveguide 401 has an input facet at z=0, an output facet at
Talbot length z=1305, and the spot size at the output facet 1s
3 Lm.

FIG. 4B depicts a graph of monitor value v for the 8 um

mode 1n the FIG. 4A embodiment. The monitor value reaches
a minimum at a point 404 corresponding to the no pumping
location 403 in FIG. 4A.

FIG. 5A depicts an embodiment according to the present
method and apparatus 1n which a wide stripe semiconductor
waveguide 501 supports a 6 um single transverse mode. To
intentionally produce the 6 um single transverse mode, the
wide stripe semiconductor waveguide has been intentionally
configured to have a contact pattern that prevents or limits
current 1njection at blue or purple regions 521 and permits
current injection at the green and yellow locations 522. In this
embodiment the wide stripe semiconductor waveguide 501
has an input facet at z=0, an output facet at Talbot length
7z=1305, and the spot size at the output facet 1s 6 um.

FIG. 5B depicts a graph of monitor value v for the 6 um
mode 1in the FIG. 5A embodiment. The monitor value reaches
a minimum at a point 504 corresponding to the no pumping
location 503 in FIG. SA.

FIG. 6 A depicts an embodiment according to the present
method and apparatus 1n which a wide stripe semiconductor
waveguide 601 supports a 5 um single transverse mode. To
intentionally produce the 5 um single transverse mode, the
wide stripe semiconductor waveguide has been intentionally
configured to have a contact pattern that prevents or limits
current 1njection at blue or purple regions 621 and permits
current injection at the green and yellow locations 622. In this
embodiment the wide stripe semiconductor waveguide 601
has an input facet at z=0, an output facet at Talbot length
7z=1305, and the spot size at the output facet 1s 5 um.

FIG. 6B depicts a graph of monitor value v for the 5 um
mode in the FIG. 6 A embodiment. The monitor value reaches
a minimum at a point 604 corresponding to the no pumping
location 603 in FIG. 6A.

FIG. 7A depicts an embodiment according to the present
method and apparatus 1n which a wide stripe semiconductor
waveguide 701 supports a 4 um single transverse mode. To
intentionally produce the 4 um single transverse mode, the
wide stripe semiconductor waveguide has been intentionally
configured to have a contact pattern that prevents or limits
current 1njection at blue or purple regions 721 and permits
current injection at the green and yellow locations 722. In this
embodiment the wide stripe semiconductor waveguide 701
has an input facet at z=0, an output facet at Talbot length
7z=1305, and the spot size at the output facet 1s 4 um.
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FIG. 7B depicts a graph ol monitor value v for the 4 um
mode 1n the FIG. 7A embodiment. The monitor value reaches
a minimum at a point 704 corresponding to the no pumping
location 703 in FIG. 7A.

FIG. 8 1s a cross-sectional view of a basic laser epitaxial
structure for use 1n an embodiment according to the present
method and apparatus. This structure has an n-type lower
cladding layer 802 on a substrate 801. Over the n-type lower
cladding layer 802 are a SCH/QW region 803, a p-doped
upper cladding 804, and a p+ upper cladding (contact layer or
p+ cap layer) 805.

FIG. 91s a cross-sectional view of one embodiment accord-
ing to the present method and apparatus for patterning current
injection. This structure has an n-type lower cladding layer
902 on a substrate 901. Over the n-type lower cladding layer
902 are a SCH/QW region 903, a p-doped upper cladding
904, and a p+ upper cladding (contact layer or p+ cap layer)
905. On the p+ upper cladding 905 are formed areas 906 of
S1N over which 1s deposited an ohmic metal 907. Vias in the
nitride are provided according to a pattern where current
injection 1s desired. Current spreading may be approximately
10 um, which 1s acceptable for coarse geometries in which
only very large areas are deprived of current injection.

FIG. 10 1s a cross-sectional view of another embodiment
according to the present method and apparatus for patterning
current injection. This structure has an n-type lower cladding
layer 1002 on a substrate 1001. Over the n-type lower clad-
ding layer 1002 are a SCH/QW region 1003, a p-doped upper
cladding 1004, and a p+ upper cladding (contact layer or p+
cap layer) 1005. On the p+ upper cladding 1005 are formed
areas 1006 of SiN over which 1s deposited an ohmic metal
1007. The p+ upper cladding 1005 1s etched through to reduce
current spreading. Nitride 1s deposited and nitride vias are
ctched where current 1njection 1s desired. When etching 1s
used to avoid lateral current spreading, the etch depth 1s
critical (+/-10 nm). Such etch depth control 1s marginally
teasible, but the etch depth will be a function of the si1ze of the
mask opening for finer features. There 1s a potential optical
loss due to edge roughness of the etched current blocking pits.

FIG. 11 1s a cross-sectional view of a further embodiment
according to the present method and apparatus for patterning
current 1njection. Ion implant 1solation may be used where
current 1njection should be avoided. This structure has an
n-type lower cladding layer 1102 on a substrate 1101. Over
the n-type lower cladding layer 1102 are a SCH/QW region
1103, a p-doped upper cladding 1104, and a p+ upper clad-
ding (contact layer or p+ cap layer) 1105. On the p+ upper
cladding 1105 are formed areas 1106 of SiN over which 1s
deposited an ohmic metal 1107. Ion implant 1solation 1s lim-
ited by the line size of the photoresist used. This 1s typically
thick for an implant step. Minimum feature size 1s also limited
by the implant straggle, which 1s the lateral excursion of the
implant beyond the photoresist boundary. Implant areas as
small as 1.5 umx1.5 um may be achieved.

The present method and apparatus are not limited to the
particular details of the depicted embodiments and other
modifications and applications are contemplated. Certain
other changes may be made in the above-described embodi-
ments without departing from the true spirit and scope of the
present method and apparatus herein involved. It 1s intended,
therefore, that the subject matter in the above depiction shall
be mterpreted as illustrative and not in a limiting sense.

What 1s claimed 1s:

1. An apparatus, comprising;

exactly one wide stripe semiconductor waveguide which 1s

cleaved at a Talbot length thereof, the wide stripe semi-
conductor waveguide being defined by transverse index
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steps and having facets with mirror coatings and a pre-
determined laser diode structure; and

a system for selectively pumping the wide stripe semicon-

ductor waveguide to create and support an electric field
distribution comprising a diffraction limited transverse
Talbot mode, the system comprising a layer of silicon
nitride (SiN) on a surface of the wide stripe semicon-
ductor waveguide, the system further comprising pat-
terning vias in the layer of SiN where current injection 1s
desired, the layer of SiN and the surface of the wide
stripe semiconductor waveguide covered with ohmic
metal.

2. The apparatus according to claim 1, wherein mode con-
trol 1s effected by a p-contact mask on the wide stripe semi-
conductor waveguide.

3. The apparatus according to claam 1, wherein a laser
mode of the wide stripe semiconductor waveguide 1s a func-
tion of geometry of current injection.

4. The apparatus according to claim 1, wherein spot size of
an output facet of the wide stripe semiconductor waveguide 1s
a controlled function of patterning and resolution size of
current 1njection of the wide stripe semiconductor
waveguide.

5. The apparatus according to claim 1, wherein a predeter-
mined current mjection pattern of the wide stripe semicon-
ductor waveguide produces a wide output spot.

6. The apparatus according to claim 1, wherein a predeter-
mined and minimized pumping of predetermined regions of
the wide stripe semiconductor waveguide produces a narrow
output spot.

7. The apparatus according to claim 1, wherein a predeter-
mined pumping of predetermined regions of the wide stripe
semiconductor produces other predetermined specific modal
patterns.
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8. The apparatus according to claim 1, wherein mode inten-
sity patterns for higher order transverse modes of the wide
stripe semiconductor waveguide that do not match pump
distribution of the wide stripe semiconductor waveguide are
suppressed.

9. An apparatus, comprising:

exactly one wide stripe semiconductor waveguide which 1s

cleaved at a Talbot length thereof, the wide stripe semi-
conductor waveguide having facets with mirror coat-
ings; and

a system for selectively pumping the wide stripe semicon-

ductor waveguide to create and support an electric field
distribution comprising a diffraction limited transverse
Talbot mode, the system comprising a layer of silicon
nitride (Si1N) on a surface of the wide stripe semicon-
ductor waveguide, the system further comprising pat-
terning vias in the layer of SiN where current injection 1s
desired, the layer of SiN and the surface of the wide
stripe semiconductor waveguide covered with ohmic
metal,

wherein the wide stripe waveguide 1s defined by a lateral

index step and supports a single transverse mode 1n a fast
direction normal to epitaxial layers having a predeter-
mined laser diode structure with a plurality of modes 1n
a slow direction parallel to a plane of an epitaxial struc-
ture.

10. The apparatus according to claim 9, wherein mode
control 1s effected by a p-contact mask on the wide stripe
semiconductor waveguide.

11. The apparatus according to claim 9, wherein a laser
mode of the wide stripe semiconductor waveguide 1s a func-
tion of geometry of current injection.
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